Protohemin and covalently bound hemin were determined in eight aerobic bacterial strains. A good correlation between protohemin content and luminol reactivity was found. The ratio of luminol reaction to protohemin for the eight investigated strains was essentially identical to that of pure protohemin, 0.7 x 1016 mV/mol. Covalently bound hemin contributed to the chemiluminescence to a minor extent only (0.7 x 1014 mV/mol), in accordance with earlier observations of the lower reactivity of cytochrome c and related compounds. A difference in reaction kinetics of the luminol reaction with covalently bound hemin (slower reaction than protohemin) and protohemin was observed in vivo as well as in vitro. The phenomenon could be used to differentiate between strains with different hemin composition.
Among other analytical applications (5), the luminol perborate system for chemiluminescence has also been used for detection of microorganisms in water (1) . It has been assumed that the chemiluminescent reaction is dependent on the protohemin content of the microorganisms (12) . This assumption is based on the high reactivity of protohemin in the luminol reaction (3, 9) and on the ubiquity of protohemin in biological materials.
The present study was undertaken to investigate the correlation between luminol reactivity and hemin content in bacteria. For this purpose ionically bound protohemin and covalently bound hemin were determined spectrophotometrically and related to the luminol chemiluminescent reaction.
The bacterial strains investigated were chosen to represent organisms with wide differences regarding total levels as well as type of hemin.
MATERIALS AND METHODS Apparatus. The luminol analysis was carried out in a luminometer as described earlier (7) . The sequential addition of reagents was performed with pneumatically operated pipettes from Autochemist (LKBProdukter, Stockholm, Sweden). Spectrophotometric determinations of hemins were performed with a Beckman spectrophotometer, model 24 (LKB-Beckman, Stockholm, Sweden). Centrifugations were carried out in a Sorvall RC2-B centrifuge.
Reagents. Reagents for the alkaline luminol assay were those described previously (3); all reagents were made up in water, which was deionized and deoxygenated by passage through two different mixed-bed demineralizers (3) . Reagents were stored in the dark overnight before use. To ensure the stability of the reagents, all contact with metal-containing objects such as magnetic stirrers, spoons, etc., was avoided.
Hemin, peroxidase (horse radish), cytochrome c (horse heart), and lactoperoxidase (milk) were obtained from Sigma Chemical Co. (St. Louis, Mo.). Hemin was dissolved in alkaline deionized water; other hemin compounds were dissolved in deionized water as described earlier (3) .
Bacterial strains. The bacterial strains used in these experiments were Escherichia coli 031, Escherichia coli H7 (a heminless mutant, kindly provided by R. Beljansky, Pasteur Institute, Paris), Bacillus cereus ATCC 14579, Leuconostoc mesenteroides ATCC 8042, Klebsiella pneumoniae 23, Proteus mirabilis G5, Pseudomonas aeruginosa ATCC 15488, and Staphylococcus epidermidis KS462.
All bacteria were grown aerobically in nutrient broth (Oxoid) with shaking overnight at 37°C, except L. mesenteroides, which was grown at 22°C without shaking for 36 h in M.R.S. broth (Oxoid), and E. coli H7, which was grown in Davies minimal medium with 2 g of peptone (Difco) per ml for 48 h at 37°C. Numbers of bacteria were determined as total count in a Biirker chamber.
Extraction and determination of ionically bound hemin from bacteria. Protohemin and other noncovalently bound hemins may be extracted from bacteria by acidified organic solvents. In this way the prosthetic groups of catalases, peroxidases, and cytochromes of types bi, a2, and a3 are readily split and their proteins are precipitated (4) . Cytochromes of type c and lactoperoxidase are covalently bound to the protein and cannot be extracted with acidified solvents (4) . The method used for extraction of protohemin was a modification of the method described by Jacobs et al. (6) . Packed, washed bacterial cells were extracted twice at 0°C with acetone containing 1% HCl, the first time overnight and the second time for 2 h. The precipitated proteins and cell debris were removed by centrifugation, and the protohemin was 790 LUMINOL ASSAY OF BACTERIAL HEMIN 791 taken into diethyl ether after twofold dilution of the acetone phase with 1% HCl. The hemin was then extracted from the ether with 0.05 M NaOH. Samples were immediately analyzed by the luminol reaction. Pyridine was added to the remaining NaOH phase, and spectra were immediately recorded, using the reduced-minus-oxidized spectrum technique and the protohemin extinction coefficient E557 = 20.7 mM-' cm-' (4) . No red-ox maxima were observed at 587 nm, the known red-ox maximum for type a and a, cytochromes (thus excluding the presence of significant levels of type a cytochromes), in any of the investigated strains.
Extraction and determination of cytochromes (type c) and other covalently bound porphyrins. Pellets remaining after acetone HCl extraction were extracted with 5 ml of 0.05 M potassium phosphate buffer, pH 7.2. The pellets were well suspended in the buffer, and nonsoluble material was removed by centrifugation at 18,000 x g for 1 h.
Semiquantitative determinations of soluble, covalently bound hemin and porphyrin were made by using Soret absorption at 400 nm, with horse heart cytochrome c as a standard (1) . Some bacterial strains were assayed by using adsorption at 420 nm, with lactoperoxidase as a standard.
Luminol assay procedure. The luminol assay was performed essentially as described earlier 43), with 0.5 ml of sample incubated at room temperature after addition of 0.5 ml of 0.2 M NaOH. After 1 min, 0.2 ml of alkaline luminol reagent was added, and the chemiluminescent reaction was initiated by injection of 0.2 ml of 50 mM NaBO3, with the test tube containing the reaction mixture placed in the luminometer. The light emission was recorded on a potentiometric recorder and expressed as relative light intensity (millivolts) (3). The procedure has been shown to be optimal for assay of protohemin compounds, minimizing possible interference from inorganic iron (3) .
RESULTS
In Table 1 the porphyrin content of the investigated microorganisms is shown. The porphyrins have been classified, according to solubility, as ionically bound hemin and covalently bound porphyrin. Porphyrin extracted by acidified acetone, the "ionically bound hemin" in Table 1 , is equivalent to protohemin when measured as Ess7, whereas the Soret adsorption maxima used for measuring covalently bound porphyrins could signify either hemin or porphyrin of type c (Eredox400) or lactoperoxidase (E420). In two strains, the "heminless" E. coli H7 and L. mesenteroides, levels of porphyrin were below the limit of detection, whereas levels of covalently bound porphyrin were comparable to those in the other strains. In P. aeruginosa and L. mesenteroides the Soret absorption maxima were at 420 rather than 400 nm, and the porphyrin levels were estimated with the 420-nm maxima.
In Table 2 the various strains were analyzed by the luminol assay before and after the acidi- fied acetone extraction procedure, known to extract protohemin. In all strains except L. mesenteroides most or all of the luminol-reactive material was recovered in these extracts. One strain, E. coli H7, did not give a detectable reaction in the luminol system. The poor recovery with L. mesenteroides is to be expected, since, as shown in Table 1 , this organism contains only covalently bound porphyrin and no detectable protohemin. In P. aeruginosa and P. mirabilis 7 to 30% of luminol-reactive material was lost during extraction and could not be demonstrated in buffer extracts of the remaining pellets (cf. Table 3 ). So far we have no indication of the nature of this luminol-reactive material. The reactivity of the extracted material expressed as the ratio of luminol reaction to protohemin was essentially identical to that of peroxidase, known to release free protohemin under these conditions (10) . In Table 3 the pellets remaining after extraction with acidified acetone were further extracted with buffer solution, and the extracts were subjected to luminol assay. This extraction procedure is known to extract covalently bound porphyrin but not protohemin.
As could be expected, the luminol reactivity in all extracts was very low. The reactivity of the extracted material was similar to that of free cytochrome c or lactoperoxidase, i.e., approximately two orders of magnitude less than that of protohemin (cf. Table 2 ). In the case of L. mesenteroides the extracted luminol-reactive material accounts for essentially all of the reactivity originally present in the bacteria (cf. Table  2 ). In all other strains, with the exception of E. coli H7, which did not contain measurable VOL. 36, 1978 on June 29, 2017 by guest http://aem.asm.org/ b Below limit of detection. e 108 M lactoperoxidase (milk) was analyzed as such or added to E. coli H7, followed by extraction, and assayed spectrophotometrically and by the luminol assay.
amounts of luminol-reactive material, the buffer extract represented a minute fraction of the total luminol-reactive material.
The kinetics of the luminol reaction is characteristic of the reacting hemin compound (3). Therefore, to further characterize the material responsible for the luminol reaction with bacteria, the time course of the light-emitting reaction was studied in various extracts and in intact bacteria.
In Fig. la the time course of the luminol reaction with purified cytochrome c and peroxidase (horseradish) is compared with that of bacterial extracts. It is evident that the kinetics of the acid acetone extract from E. coli is identical to that of pure protohemin, whereas the buffer extract from the same organism has the characteristics of a cytochrome c-induced light emission.
In Fig. lb luminescence emission kinetics are shown for nonextracted E. coli, in which the luminescence was shown to emanate predominantly from acid acetone-extractable material, and for nonextracted L. mesenteroides, in which luminescence was caused by buffer-soluble material. The two curves correspond closely to those obtained with pure peroxidase and cytochrome c, respectively.
DISCUSSION
The luminol method has been used for sensitive detection of bacteria in various media (2, 3) . Although definite evidence has been lacking, it has been proposed that protohemin accounts for most of the reactivity (11) . The assumption has been based on the ubiquity of hemin proteins in bacteria and the high in vitro reactivity of these compounds in the luminol reaction (3, 9) . In the present paper we have shown that there exists a good correlation between acid acetone-extractable hemin content and luminol reactivity in the several aerobic bacteria investigated. The acid acetone extraction results in extracts containing ionically bound hemin, such as protohemin and hemin a2 and a3 (4) . In the investigated organisms only protohemin was found in significant amounts, as determined by spectrophotometric assay. The extractable luminol-reactive material (---) ; acidified acetone extract from 8 x 105 E. coli/ml (. ); and buffer extract from 1010 E. coli/ml or 2 x 109 L. mesenteroides/ml (---) (b) Time course of the luminol reaction with 8 x 105 E. coli/ml ( ) and 2 x 109 L. mesenteroides/ml in all strains had a reactivity close to that of peroxidase, which is known to release protohemin under these (10) conditions. Thus, in the investigated strains the acid acetone-extractable material resulting in most of the chemiluminescence may be attributed to protohemin. Due to the low reactivity of hemins other than protohemin, i.e., cytochrome c and lactoperoxidase, these contribute to the chemiluminescence to a minor extent only (3). It should be emphasized that the water-soluble material (Table 1) contains porphyrin as well as hemin, both of which are included in the spectrophotometric determination, whereas only hemin reacts in the luminol reaction (Table 3 ).
In addition to the 100-fold lower yield of chemiluminescence observed with covalently bound hemin in comparison to protohemin, the former reacted slower in the luminol reaction (3) . The reason for this difference in reactivity may possibly be related to the degree of catalase action on the peroxide present in the system, resulting in production of different levels of the oxygen radicals known to induce chemiluminescence (8) . The red-ox potentials of the various hemins in the strongly alkaline luminol solution have not been systematically investigated but may be important factors in determining catalase activity and thus, indirectly, luminol reactivity.
In conclusion, the luminol assay in its present form can be used as a quantitative method for determination of protohemin in microorganisms, even in the presence of comparable amounts of covalently bound hemin. It can also be regarded as a useful method for making a rough identification of the type of hemin contributing to the luminol reaction in different microorganisms, by observing the kinetics ofthe chemiluminescence.
